Genome editing plays an important role in the research of gene functions, gene correction and cell replacement therapy. Traditionally, genome editing is mainly dependent on the technology of homologous recombination (HR) and embryonic stem (ES) cell lines in mammals [1] . However, genome editing is severely limited by the low efficiency of HR and lack of ES cell lines in most organisms. Recently, the development of zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated 9 (Cas9) systems have made it simple and precise to perform genome editing in many species.
The rice field eel, Monopterus albus, which belongs to the family Synbranchidae in the order Synbranchiformes, is an economically important freshwater fish in China. More than 70 years ago, a significant finding of natural sex reversal from female via intersex to male in rice field eel was first discovered by Dr. Jian-Kang Liu [2] . Hence, it opened a novel area for the research of sex determination mechanism in lower vertebrates [3] . Rice field eel is a diploid fish (2n = 24), having a karyotype of all telocentric chromosomes. The genome size of rice field eel is about 600 Mb, one of the smallest in vertebrates [4] . Therefore, rice field eel is considered as a good model for the research of comparative genomics, evolutionary biology, the mechanism of sex determination and sex differentiation in vertebrates.
More than 350 species have been found to have the sex reversal trait in teleosts. The processes of sex reversal are diverse and complex in fishes, which can be affected by genetic and environmental factors. In order to uncover the mechanism of sex reversal in rice field eel, many efforts have been made at the physiological, biochemical, cytological and molecular levels [5] . Gonadal aromatase, encoded by Cyp19a1a, which can catalyze the conversion of androgens to estrogens, plays an important role in the production and regulation of estrogens. During the sex reversal of rice field eel, the expression levels of Cyp19a1a and Foxl2 decreased, while Dmrt1 increased, suggesting that they may fulfill an important function [6] [7] [8] . In recent years, suppression subtractive hybridization libraries, transcriptome sequencing and proteomic analysis have been performed in rice field eel [9, 10] . More genes related to sex differentiation and sex reversal have been found, and it is necessary to establish genome editing technology for further functional analysis in rice field eel.
Because the challenges of artificially induced spawning, lower fertility rate and hatching rate, it is very difficult to carry out the complete artificial reproduction in rice field eel. So far, rice field eel fry mainly relies on the catching from wild environments and half artificial reproduction. To obtain 1-cell stage embryos of rice field eel for microinjection and genome editing, we established a method for artificial fertilization in the lab aquarium (supplementary materials and methods, online). The average number of spawned eggs was 203, and the average fertilization and hatching rates were 85.48% and 59.88%, respectively (Table S1 , online).
For partial genomic sequences amplification, mutation detection and real-time PCR, all primer sequences used were listed in Table S2 . According the criteria described previously [11] , the TALEN target sites for three genes (Dmrt1, Foxl2 and Cyp19a1a) were designed (Fig. S1, online) . To observe the suitable dosage for microinjection, four gradient Dmrt1 TALENs mRNA concentration (50, 100, 150, 200 ng/lL) were injected into 1-cell stage embryos of rice field eel. Followed by above concentration, the normal embryos at hatching stage were observed 40.42%, 55.26%, 32.43% and 17.65%, respectively (Fig. S2a, online) . While, the mutation rates were 54.54%, 69.56%, 75.00% and 70.83%, respectively (Fig. S2b, online) . Taken together, the 100 ng/lL of TALENs mRNA each was selected. Hence, we had developed novel strategies using TALENs to disrupt the target gene in rice field eel. Consequently, we generated Foxl2 and Cyp19a1a mutant fish followed the strategy. The mutation rates of ten pooled embryos were detected by tri-primer PCR amplification. They showed high efficiency with 75.0% for Dmrt1, 58.3% for Foxl2 and 87.5% for Cyp19a1a (Fig. 1a) . The DNA sequencing showed that most mutations were base pair deletion, and only a few were base pair insertion. Both in-frame and frameshift types were included in the mutations. Both tail and gonad showed high mutation rates in juvenile rice field eel, but little correlation with each other (Table S3, and frog [12, 13] . When Dmrt1 was knockdown by virus-based RNA interference in protandrous hermaphroditic black porgy, the number of germ cells decreased in the testis, and the process of maleto-female sex change was accelerated [14] . In Dmrt1-deficient P0 XY tilapia, some significant phenotypes can be observed, such as regressive testes, deformed efferent ducts, and the appearance of ovary-like structure; the relative expressions of Foxl2 and Cyp19a1a were upregulated, and serum 11-KT levels increased, indicating Dmrt1 played an important role in spermatogenesis [15] . In tilapia, disruption of Cyp19a1a or Foxl2 in XX fish had obvious phenotypes of the ovary degeneration, decreased aromatase gene expression and serum E2 levels, resulted in complete sex reversal in some individuals [15] .
Because the mutation rates were high, we detected the effects on gonadal development related gene expression in Dmrt1, Foxl2 or Cyp19a1a-disrupted P0 juvenile rice filed eel (Fig. 1b) . Compared with the wild type, the gene expression levels of Vasa, a marker gene for germ cell, had no significant change in the deficiency of Dmrt1, Foxl2 or Cyp19a1a in juvenile. In the Dmrt1-deficient fish, Sox9a1 mRNA expression levels significantly decreased, while Cyp19a1a and Foxl2 showed little changes. It suggested that Dmrt1 might not play a vital role in early ovarian differentiation or estrogen signal regulation in rice field eel. Dmrt1 might be a key factor in sex reversal, which needs further demonstration in rice field eel. After Foxl2 was disrupted, the gene expression levels of Foxl2 and Cyp19a1a decreased, whereas Dmrt1 increased significantly. However, the expression of Sox9a1 did not show any significant change. In the Cyp19a1a-deficient fish, the gene expression levels of Cyp19a1a and Foxl2 were found to be significantly downregulated, while no obvious changes occurred in Dmrt1 and Sox9a1.
Further, the effects of gene targeting on serum E2, T and 11-KT levels were detected (Fig. 1c) . Compared with the wild type fish, the serum E2, T and 11-KT levels had no significant difference in Dmrt1-deficient juvenile of rice field eel. In Foxl2-deficient fish, the level of serum E2 was decreased by 1.8-fold, while the levels of serum T and 11-KT increased by about 2-fold. In Cyp19a1a mutant fish, serum E2 levels decreased, about 1.5-fold lower than that of the wild type fish; serum T and 11-KT levels also decreased, but the difference was not significant. It was noteworthy that disruption of Foxl2 could significantly up-regulate the expression of Dmrt1, and increase the levels of serum T and 11-KT. Generally, low serum E2 usually accompanied with high serum T and 11-KT levels. However, more interesting results were discovered in the present study. Serum E2 decreased in Cyp19a1a-deficient fish, but serum T and 11-KT did not show significant change. There may be some unclear regulation mechanism between E2 and T in Cyp19a1a-deficient rice field eel.
In summary, we established firstly the high efficient genome editing platform by TALENs in rice field eel, and then investigated the effects of Dmrt1, Foxl2 and Cyp19a1a in vivo on the sex differentiation in rice field eel. And the results suggested that Foxl2 might play a more important role than Cyp19a1a in ovary differentiation and development in rice field eel juvenile. Taken together, our data demonstrated that it is feasible for genetic manipulation in rice field eel, providing a powerful tool for the research of reproductive regulation and genetic improvement.
